Molecular pathogenesis
Acquired constitutive activation of protein tyrosine kinases is a central feature in the pathogenesis of chronic MPD. Activation occurs as a consequence of specific point mutations, e.g. JAK2 V617F, or fusion genes, e.g. BCR-ABL, generated by chromosomal translocations, insertions or deletions. In Eos-MPD, cytogenetic analysis has identified four distinct recurrent breakpoint clusters that target the genes encoding platelet-derived growth factor receptor α (PDGFRA) at 4q12, platelet-derived growth factor receptor β (PDGFRB) at 5q31-33, fibroblast growth factor receptor 1 (FGFR1) at 8p11 and janus kinase 2 (JAK2) at 9p24. 2, 3 To date, more than 35 different fusion genes have been identified in association with Eos-MPD (Figure 1 ), the most common of which is FIP1L1-PDGFRA, generated by a cytogenetically invisible 800kb interstitial deletion on chromosome 4q12. 4, 5 However, this fusion is only seen in approximately 10% of cases with persistent unexplained eosinophilia, and most of the other fusions, all of which are associated with visible cytogenetic abnormalities, are considerably less common. Nevertheless, the finding of a chromosomal rearrangement is very helpful in indicating the likely presence of the underlying fusion gene and facilitating its identification. Thus, karyotype analysis is important for the initial assessment of patients with this spectrum of disorders.
In fusion proteins, the N-terminal part of a partner protein is fused to the C-terminal part of the tyrosine kinase, thus retaining the entire catalytic domain of the kinase. The vast majority of partners contain one or more dimerization domains that are required for the transforming activity of the fusion proteins. Homotypic interaction between specific domains of the partner protein leads to dimerization or oligomerization of the fusion protein mimicking the normal process of ligand-mediated dimerization and resulting in constitutive activation of the tyrosine kinase moiety.
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Structurally and functionally, these fusion proteins are very similar to BCR-ABL in CML. Of note, FIP1L1 does not contain any self-association motifs and it was shown that the FIP1L1 moiety is dispensable for the transforming activity of the truncated PDGFRA protein.
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Although considerable progress has been achieved in our understanding of the pathogenesis of Eos-MPD, the majority of cases have a normal karyotype and are negative for the FIP1L1-PDGFRA fusion gene. Of note, point mutations known to be associated with classical MPDs, e.g. JAK2 V617F in polycythemia vera (PV), essential thrombocythemia (ET) and primary myelofibrosis (PMF) or KIT D816V in SM are very uncommon in Eos-MPD. 8 However, the clinical phenotype of FIP1L1-PDGFRA negative cases is frequently indistinguishable from those in whom the fusion is present, suggesting the likely presence of as yet uncharacterized activating mutations or rearrangements in genes encoding tyrosine kinases or unknown molecular mechanisms which remain to be identified. Because the successful treatment of HES with imatinib facilitated the identification of the FIP1L1-PDGFRA fusion gene, it is possible that a similar strategy through the use of imatinib or alternative inhibitors may lead to the identification of these unknown molecular abnormalities.
Similar to CML it is likely that fusion gene associated MPD are stem cell disorders, and this notion is supported by the fact that FIP1L1-PDGFRA positive T-cells have been described in cases with an associated lymphoma. 9 It is unclear why BCR-ABL induces expansion of the granulo-© F e r r a t a S t o r t i F o u n d a t i o n cytic lineage whereas FIP1L1-PDGFRA predominantly affects eosinophils, but clear differences in the penetration of different cell compartments by these two fusions has been described. For example the great majority of CFU-GM are BCR-ABL positive in CML patients whereas only a small minority are positive for FIP1L1-PDGFRA in CEL associated with this abnormality, suggesting that FIP1L1-PDGFRA does not confer a proliferative advantage to this compartment.
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Diagnostic procedures
A careful diagnostic work-up is needed for the correct classification of HES/CEL following exclusion of reactive eosinophilia. In addition to regular quantitative measurements of the peripheral blood, smears should be screened for monocytosis, dysplastic features, indicators of myelofibrosis (e.g. dacrocytes, erythroid and myeloid precursors) and blasts. A lymphoproliferative HES (L-HES) is suggested by the identification of T-cells with unusual phenotype, e.g. Screening for the cytogenetically invisible FIP1L1-PDGFRA fusion gene from peripheral blood cells should be performed at an early stage. Two different screening methods have been used, namely reverse transcriptase polymerase chain reaction (RT-PCR) and fluorescence in situ hybridization (FISH), testing for deletion of the CHIC2 locus as a surrogate marker as this gene lies between FIP1L1 and PDGFRA on 4q12. 4, 11, 12 The relative frequency of the FIP1L1-PDGFRA fusion has varied markedly in reported series, ranging between 3 and 56%. 4, [11] [12] [13] [14] [15] [16] This may reflect differing levels of stringency in the diagnosis of HES and the study of highly selected series, but may also be compounded by difficulties in establishing a molecular diagnosis. The latter relates to the considerable heterogeneity in breakpoints within the FIP1L1 locus, variable mechanisms leading to formation of an in-frame fusion product involving use of cryptic splice sites, in addition to the marked alternative splicing between FIP1L1 exons.
4 FIP1L1-PDGFRA transcripts can be difficult to detect by single-step RT-PCR and nested PCR is required for reliable identification of the fusion. This is likely to be accounted for by the relatively low level of expression of the fusion gene in some cases, as revealed by real-time quantitative PCR (RQ-PCR). 16 Moreover, FISH has shown that the proportion of cells harbouring the fusion varies considerably between cases and in some cases with clearly documented FIP1L1-PDGFRA fusion by RT-PCR, the proportion of cells with loss of CHIC2 signal is no greater than background for the methods used. Overall it appears that a combination of RT-PCR and other approaches such as FISH provide the best way to pick up all positive cases. If cases are detected by FISH then the precise breakpoint should also be determined by RT-PCR and sequencing to enable the monitoring of molecular response to imatinib using specific RQ-PCR assays. 16 Bone marrow examinations should include cytomorphology and histology with reticulin staining and immunohistochemistry for mast cells (tryptase, CD117, CD25, CD2). Diagnostic work-up should also include cytogenetic analysis: rearrangements of 4q12 (PDGFRA) and 5q31-33 (PDGFRB) are suggestive of underlying fusion genes associated with imatinib sensitivity, whereas 
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involvement of 8p11 (FGFR1), 9p24 (JAK2) or 13q12 (FLT3) predict a poor clinical response to this agent. 2, 3 However cytogenetic analysis alone is insufficient and RT-PCR should be performed to confirm the presence of a suspected fusion. RACE-PCR and long-distance inverse PCR 17 can be used to identify fusions formed by novel cytogenetic abnormalities if one partner is a known gene.
Clinical presentation
Eos-MPD with PDGFRA or PDGFRB fusion genes
The dominant clinical feature of cases with PDGFRA or PDGFRB fusion genes, besides eosinophilia of the peripheral blood and marrow is the male predominance which exceeds a 9:1 male/female ratio.
2,3 The reasons for this are unknown and it can only be speculated about possible secondary genetic changes or other gender-related differences. Additional important clinical features are the frequent presence of marrow fibrosis and of loose aggregates of mast cells identified by immunostaining with tryptase and CD117, particularly in FIP1L1-PDGFRA positive disease.
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This is not exclusively seen with FIP1L1-PDGFRA, however and similar features have also been seen in patients with rearrangements of PDGFRB and JAK2. 17, 18 Useful markers indicating an underlying FIP1L1-PDGFRA fusion are elevated levels of serum tryptase and vitamin B12. 13 In addition to eosinophilia, patients with a rearrangement of the PDGFRB gene can present with a variable degree of monocytosis and thus have features that are generally suggestive of both aCML and CMML. [19] [20] [21] Evolution to secondary AML occurs in some cases after a highly variable interval, 9 but the probability of transformation seems to be lower than that seen in BCR-ABL positive CML.
Eos-MPD with an aggressive clinical course
The term '8p11 myeloproliferative syndrome (EMS)' has been suggested for the distinctive disease associated with 8p11 translocations and underlying rearrangement of FGFR1. 22 The majority of patients present with typical features of MDS/MPD-like disease. Marked eosinophilia in the peripheral blood and/or bone marrow is usually present but not mandatory for diagnosis. EMS can also resemble CMML, but the distinguishing feature of this condition is the strikingly high incidence of co-existing non-Hodgkin's lymphoma and lymphoblastic leukemias that may be either of B or, more commonly, T cell phenotype 22, 23 particularly in patients with the t(8;13)(p11;q12) and a ZNF198-FGFR1 fusion gene. In many cases lymphadenopathy is present at diagnosis, whereas in others it appears during the course of the disease. EMS is typically an aggressive disease and rapidly transforms to acute leukemia, usually of myeloid phenotype, within 1 or 2 years of diagnosis. However, we are aware of occasional anecdotal reports of patients who have lived much longer than this despite minimal treatment (e.g. hydroxyurea). Since its first description in 2005, 18 the clinical course of PCM1-JAK2 positive disorders resulting from a t(8;9)(p21;p24) has been reported in 15 patients. [24] [25] [26] The most striking clinical feature, similar to PDGFR-related disorders, is a marked male predominance. In the absence of blasts, eosinophilia, splenomegaly and marrow fibrosis are common features of a chronic phase CML-like disease. A substantial proportion of patients present with significantly increased numbers of blasts leading to a diagnosis of de novo or secondary AML similar to blast crisis in CML following chronic-phase disease. Moreover, in common with BCR-ABL, the fusion gene has also been identified in acute lymphoblastic leukemia.
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Treatment
Following the success of imatinib in BCR-ABL positive CML and its capacity to occupy the ATP binding sites of several other tyrosine kinases such as ARG (ABL2), KIT, PDGFRA, PDGFRB or FMS, there has been considerable interest in extending its clinical use to diseases in which other activated tyrosine kinases are implicated. In this issue Baccarani et al. 27 present the results of a phase-II-trial in which patients with FIP1L1-PDGFRA-positive CEL or HES without a known molecular target were treated with imatinib at a target dose of 400 mg/day. This is the largest such study reported to date and has the advantage of relatively long follow-up. Based on the high rates of rapid complete hematologic remissions previously reported by other groups, 27 it is not surprising that all FIP1L1-PDGFRA positive patients achieved complete hematologic remissions after a median of 2 months. In addition, all patients achieved complete molecular remission, as determined by nested RT-PCR, after a median of 6 months, consistent with the relatively rapid kinetics of disease response demonstrated using relatively sensitive quantitative PCR approaches. 16 Moreover, in accordance with other recently presented data, 16 discontinuation of imatinib in three patients led to rapid molecular relapse, with all of them achieving a second complete molecular remission following reinstatement of imatinib.
After a median observation time of 25 months, all patients are still on imatinib and in sustained complete molecular remission with the majority of patients treated with 100-200 mg/day. Other studies have shown that sustained use of even lower doses of imatinib are sufficient to induce and maintain durable complete hematologic and molecular remissions at low toxicity in FIP1L1-PDGFRA positive disease. 28, 29 Treatment with imatinib as monotherapy or as maintenance after intensive chemotherapy was also highly effective in FIP1L1-PDGFRA positive secondary AML with seven of seven patients disease-free and in complete hematologic and molecular remission after a median time of 20 months (range, 9-36) on imatinib.
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These clinical findings correlate with the exquisite in vitro sensitivity of the FIP1L1-PDGFRA fusion to imatinib as compared to BCR-ABL, for which the kinetics of disease response are much slower and molecular remissions are infrequently observed. However these very encouraging findings have to be set against the fact that for many cases
© F e r r a t a S t o r t i F o u n d a t i o n
the sensitivity with which FIP1L1-PDGFRA can be detected is relatively low.
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Occurrence of severe left ventricular dysfunction within the first days of treatment with imatinib was described in some cases of HES. 30 The cardiac symptoms could be reversed promptly by systemic steroid treatment. Patients at risk should therefore be closely monitored for relevant symptoms, levels of troponin I and by echocardiography. Short-term treatment with steroids before and during the first 2 weeks of imatinib therapy should therefore be considered in patients at risk. Thus far, amongst patients maintained on imatinib, relapse has only been reported in two patients, both of whom had the appearance of a T674I mutation in PDGFRA which was shown to confer resistance to imatinib. 4, 31 This mutation is analogous to the T315I mutation in the ABL kinase in imatinib-resistant CML. It was shown recently that the T674I mutant is in vitro effectively inhibited by PKC412, sorafenib and nilotinib. [32] [33] [34] Excellent clinical responses to imatinib have also been reported in cases with other PDGFRA 2,3 and PDGFRB fusion genes. 17, 35 The largest series demonstrated rapid normalization of blood counts in 11 of 12 patients with complete resolution of cytogenetic abnormalities and decrease or disappearance of fusion transcripts as measured by RT-PCR in ten patients after a median of 47 months (range, 0.1-60 months) treatment with imatinib.
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In addition, updates were sought from eight further patients previously described in the literature; prompt responses were described in seven and persist in six. In general, PDGFRB-rearranged patients have been treated with 400 mg/day imatinib although responses to lower doses have been seen.
Results are different for imatinib-treated HES/CEL patients without known chromosomal or molecular aberrations. Baccarani et al. 27 performed a careful diagnostic work-up with conventional cytogenetic analysis, FISH and RT-PCR to detect the presence of the most common fusion genes known to be associated with Eos-MPD in 36 patients. Partial and complete hematological remissions were only seen in five of 36 (14%) patients and importantly these responses were only transient (1-15 months) . The reasons for the discrepancy between early studies with higher response rates 27 and this study are unclear but it is suggested that an unknown proportion of patients in previous reports might have carried imatinib-sensitive fusion genes or observation times were too short. Baccarani et al. therefore suggest, that imatinib should not be routinely used in HES/CEL without known molecular aberrations.
Eos-MPD with involvement of FGFR1 and JAK2 are frequently associated with an aggressive clinical course and poor prognosis with a median survival time of less than 2 years.
18,23 Both these kinases are unaffected by imatinib and due to the current lack of effective alternative tyrosine kinase inhibitors and poor prognosis, early hematopoietic stem cell transplantation (HSCT) should be considered for eligible patients with a suitable donor.
18,23 A number of other compounds have been developed, e.g. SU5404, SU6668 and PD173074 that also function as ATP binding site blockers and which possess anti-FGFR activity, suggesting that it may be possible to develop targeted therapeutic approaches with clinical activity in this subset of disorders. These compounds are inactive against BCR-ABL but can specifically inhibit the growth of ZNF198-FGFR1 and BCR-FGFR1 transformed cells.
36 PKC412 had some activity in a patient with ZNF198-FGFR1 positive EMS in advanced phase 37 but we are unaware of any patient who has achieved a significant chromosomal response after treatment with this compound. Several JAK2 inhibitors are also in development that may be of use for the treatment of cases with PCM1-JAK2 but thus far there are no data to support this contention.
Concluding remarks
The identification of more than 35 different fusion genes as the consequence of various chromosomal abnormalities in Eos-MPD has highlighted the fundamental role of constitutively activated tyrosine kinases in the pathogenesis of these disorders. Imatinib is the treatment of choice for all Eos-MPD which are associated with a kinase-activating fusion gene involving PDGFRA or PDGFRB. In contrast to BCR-ABL-positive CML, complete molecular response rates seem to be higher and potentially more durable with low rates of acquired resistance due to mutations within the ATP binding domain. 27 While there is a paucity of longterm follow-up data, studies to date indicate that imatinib therapy may need to be continued to maintain remission since patients taken off the drug are likely to develop rapid disease recurrence. 16, 27 While the quiescent stem cell population in CML has been shown to be resistant to imatinib, 38 the stem cell pool in Eos-MPD remains poorly characterized and it is possible that in at least some of these disorders imatinib may effectively target this population.
Addressing these issues experimentally would represent a considerable challenge given the relative rarity of these conditions. However, circumstantial evidence could be gained through studies in which imatinib is given for different time-frames following achievement of molecular remission, to establish whether molecular relapse invariably follows drug cessation. Such studies would be most reliably performed using RQ-PCR assays which enable accurate measurement of kinetics of disease response and identify patients with molecularly persistent disease or molecular relapse. These strategies have proven to be highly effective in CML in which kinetics of response to imatinib has been shown to be predictive of outcome, with poor molecular response or rising fusion transcript levels frequently indicating the presence of subclones harboring resistance mutations.
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The small minority of patients with FGFR1 or JAK2 fusion genes are resistant to imatinib. The in vitro and in vivo activity of several promising new tyrosine kinase inhibitors is currently being explored. Until they are available in clinical practice, allogeneic HSCT should be considered at an early stage for eligible patients with an HLA- Once a wider range of inhibitors are clinically available it seems likely that MRD monitoring using RQ-PCR will become increasingly useful to identify primary resistance or emergence of resistant subclones, prompting mutation screening for resistance mutations as a guide to the most appropriate treatment approach. A key challenge remains the characterization of molecular aberrations underlying the majority of Eos-MPD in patients in whom the pathogenesis is completely unknown. The activity of imatinib and other inhibitors might prove helpful serving as a guide for the underlying molecular lesion, as was a factor in the identification of the FIP1L1-PDGFRA fusion gene in CEL. The presence of the JAK2 V617F mutation in patients with PV, ET or PMF and the KIT D816V mutation in about 80-90% of patients with SM has highlighted the potential benefit of high-throughput screening for single point mutations in important regulatory domains of all known kinases 41 and ultimately a similar approach may be necessary to find other abnormalities in Eos-MPD. However this will not identify cryptic rearrangements and other approaches such as expression arrays, single nucleotide polymorphism analysis and array comparative genomic hybridization will be required to identify novel molecular aberrations in Eos-MPD.
